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ABSTRACT  Electrical  activity  and  histological  changes  were  studied  in  the
degenerating  olfactory  epithelium  of the bullfrog after the  olfactory nerve  had
been sectioned.  After nerve section, the electrical responses to odors disappeared
in the  olfactory  epithelium  in  8  days  in the  summer,  in  11  days  in  the early
autumn,  and in  16 days in the early winter.  In the degenerating  olfactory epi-
thelium a  striking decrease  in the number of olfactory cells  was found,  but not
of supporting  cells. The ratio of the number of olfactory cells to that of support-
ing  cells was found to decrease from  5 or 6 to below  2  after  the  nerve  section.
At a ratio below  2, the electrical responses to odor disappeared. The histological
changes in the bullfrog  are compared  with those in the mouse and rabbit.  The
localization  of the olfactory  pigment and the electrical activity of the supporting
cell are discussed.  It was concluded that all three types of responses to odors orig-
inate from  the activity  of the olfactory cell.
Hosoya and Yoshida  (1937)  and Ottoson  (1954,  1956)  found an electronega-
tive slow potential in the olfactory epithelium when an odor was applied to it.
This  was named  "electro-olfactogram  (EOG)"  by  Ottoson  (1956).  Later,  a
similar slow potential was found at the cessation of the application  of an odor
(Takagi and Shibuya,  1959,  1960 a, b, c). In some cases, an electropositive slow
potential was  found  (Takagi,  Shibuya,  Higashino,  and  Arai,  1960;  Shibuya
and  Takagi,  1962,  1963).  Consequently,  it is now evident  that the olfactory
epithelium produced  in response  to olfactory stimulation  three kinds of slow
potentials,  "electronegative-on,"  "electropositive-on,"  and  "electronegative-
off'  slow potentials.  However,  the origin  of these  three  slow potentials  has
never been made clear.
When  the olfactory  nerve  is sectioned,  the olfactory  cell shows  retrograde
degeneration  (Nagahara,  1940;  Le  Gros  Clark,  1956,  1957).  In  this  paper,
both  the  electrical  responses  induced  by  the  application  of odors  and  the
histological  changes  are studied  in degenerating  olfactory  epithelia  after  the
section.  A  preliminary  report of this  study appears  elsewhere  (Takagi  and
Yajima,  1964).
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METHODS
Bullfrogs,  Rana catesbiana, were  used.  After the head  was disinfected  by alcohol,  the
head skin was incised  and a small  hole was opened in the cranial bone.  By means of
a small knife,  the  olfactory  nerve  of one  side,  usually  the right side,  was sectioned,
and then  the hole in the cranium  was covered  with skin.  After the  operation,  these
bullfrogs were reared in glass containers. They were fed pieces of beef liver every  3 or 4
days.  Recording  of the  olfactory receptor  potential was started several  days after the
operation  and one  or two bullfrogs  were used each  day.
When  the electrical  recording  was tried in the olfactory epithelium,  the bullfrogs
were  decapitated and the heads were pinned  onto a cork plate.  The dorsal  skin and
bones were removed and the olfactory epithelium was exposed. A pair of glass pipettes
with  a tip diameter  of 200  /t, filled with  Ringer solution was used as  recording  elec-
trodes. An exploring  electrode was put on the olfactory eminentia to record the slow
potential  produced  by  the  application  of an odor.  An  indifferent electrode  was  put
on  Ringer-soaked  cotton  wool  around  the head.  When an  electrotonic  current  was
applied,  a pair  of non-polarizable  electrodes  (Ringer-gelatin-ZnSO 4-Zn)  was  used
(Higashino  and  Takagi,  1964).  The  slow  potential  was  recorded  through  an  RC
coupled  amplifier  (time constant,  2 seconds)  with an ink-writing  recorder.
As stimulants,  vapors of amyl acetate,  pyridine,  ethyl ether,  and  chloroform were
used.  Saturated and diluted vapors of these substances were  stored in 20 ml syringes
and were  blown onto the olfactory epithelium  through lucite  tubes of 0.7 mm inside
diameter.  Odors  of  different  concentrations  and  of  different  kinds  were  applied
through their own tubes. In order to avoid continuous  stimulation by odors diffusing
out spontaneously,  the  tips of the tubes  were kept at a distance of more than  1.5  cm
from the  epithelial  surface.  The odors were  applied  at the rate of 0.3  to  1.4  ml  per
second.
Six  groups,  each comprising  twenty  bullfrogs,  were  operated  on.  After  electrical
recording,  the olfactory epithelium was stripped, fixed  in formol or in formol-alcohol,
and  stained with gallocyanin.
This  experiment  was  started  in  August  (midsummer)  and  ended  in  February
(midwinter).
RESULTS
A. Electrophysiological Studies on the Degenerating  Epithelium
In the first group, recording of the electrical response to odors was successively
performed  between  the  4th  and  14th days  after the  section  of the  olfactory
nerve.  The  electrical  responses ceased  to  appear  in  8  days  after  the  section.
This experiment was performed  in midsummer.  The highest temperature  was
35.5°C,  and  the lowest one  19.3°C, the  average being  26.3°C  (Fig.  1 A).  In
the second group, recording was performed between the 5th and the 12th days
after the section. The electrical responses disappeared in 8 days  (Fig. 2). In the
course of this experiment, the highest temperature  was 29.6°C and the lowest
one  16.1 °C, the average  being 22°C  (Fig.  1 B).  In the third group, recording
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FIGuRE  1.  Changes  in  the  EOG  after  section  of the  olfactory  nerve.  A.  In  the  first
group,  the  olfactory nerve  was sectioned  on August  2, and  the  experiments  were per-
formed from August 6 to  16. B. In the second group,  the nerve was sectioned  on August
30, and the experiments were performed  from September 4 to  15.  C. In the third group,
the  nerve  was  sectioned  on  September  7,  and  the  experiments  were  performed  from
September 12 to October  14. D.  In the fourth group,  the nerve was sectioned on October
23 and the experiments were performed from November 6 to December  6.  In each case,
+ +  and +  indicate the appearance  of a slow potential larger  than 2 my and that of a
potential  larger  than 300  uv,  respectively.  4  indicates  the appearance of a potential of
less than 300 pv which may probably be an artifactual potential recorded with this type
of electrode due to  air current (Higashino and Takagi,  1964).  - indicates  that no slow
potential appeared.  Numbers  across  the top show the days  elapsed after  the nerve sec-
tion.  In the left column numbers  of bullfrogs used in a series of experiments are shown.
Further explanation in the text.
was performed  on the  5th  to 37th  days  after  the  section.  The electrical  re-
sponses disappeared  in  11  days.  In  the course of this experiment,  the highest
temperature  was 29.2 0C, and the lowest one 6.2  C, the average being 17.9°C
(Fig.  1 C).  In  the fourth group, recording was performed on the 12th to the
42nd  days after the  section.  The  electrical responses  disappeared  in  16 days.
In  the course of this experiment,  the highest temperature was 23.60C  and the
lowest one  - 1.60 C,  the average being  10.90C (Fig.  1 D).
Sometimes,  slow potentials appeared  in  some olfactory epithelia after they
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ceased  to appear  in other ones  (see  4-  in Fig.  1).  Their amplitudes were,  in
most cases,  less than  300  /Av.  Since  the velocity  of degeneration  may differ in
different bullfrogs,  this may be  possible.  There  is another  possibility  for this
small slow potential.  Kimura  (1961)  and  Mozell  (1962)  discussed  the  possi-
bility that an artifactual potential  is produced with  some kinds  of recording
electrodes.  The electrodes used in this experiment are not the ones which they
recommended.  Consequently,  the small  potentials found  in groups  B  and  C
a  b  c  d
e  f  g
FIGURE  2.  Changes in amplitude of the EOGs.  In each pair of records, the slow poten-
tial at the top was obtained as  a control in the olfactory epithelium  of the normal  (left)
side  and  the potential  at the  bottom was  recorded  in the  sectioned  (right)  side  of the
same bullfrog.  The  responses  were obtained  5 days after  the nerve  section  in a, 6 days
after  in b, 7 days  after in  c,  and  8 days  after in d.  Here the  EOG  completely  disap-
peared.  In e,  f, and  g, which  were obtained  9,  10,  and  12  days after,  respectively,  no
response  could be found  in the sectioned  side  (at the bottom).  These  results  were  ob-
tained in bullfrogs  2,  3, 5,  8,  9,  10,  and  11  in the second  group, respectively  which are
shown in Fig.  B.  Voltage and  time calibrations  shown at  the  bottom right are 500 ,v
and  1 sec.
(see  - in Fig.  1 and Table I) may be artifactual potentials, because  in these
epithelia degeneration  of the olfactory cells  was  found  to be  fully  advanced.
When these  four groups are  compared, it is clear  that the number  of days
that have elapsed before the disappearance  of the electrical response  becomes
longer  when the temperature  falls.  When the second group  is compared  with
the fourth one, the number of days becomes double in the latter group,  while
the average  temperature  falls by  11 °C.  If the disappearance  of the electrical
response  is supposed to be due to the retrograde  degeneration  of the olfactory
cells, the  QLo of the velocity of nerve degeneration  can be said to be  approxi-
mately 2.
When the negative "on"-slow potentials disappeared, the positive "on"- and
the  negative  "off"-slow  potentials  also  disappeared.  Anodal  currents  were
applied  onto the  degenerating  epithelium,  because  the  three  slow potentials
562S.  F. TAKAGI  AND  T.  YAJIMA  Response of Degenerating Olfactory Epithelium
can  easily  be  differentiated  by  this method  (Higashino  and  Takagi,  1964).
Though the three kinds of slow potentials appeared and were made clearer by
anodal currents in the normal side,  they never appeared  in the sectioned side.
B.  Histological Studies on  the Degenerating Epithelium
When  the  normal  olfactory  epithelium  stained  by  gallocyanin  is  examined
under  a microscope,  numerous nuclei  can be  seen  side  by side  in the  intact
part of the epithelium (Fig.  3 a). In many preparations,  five kinds of nuclei can
easily be  differentiated.  The nucleus of the supporting cell  is slender,  has the
shape of a tumbler, and is found in the upper part of the epithelium. The nu-
cleus of the olfactory cell is round, has the shape of a chestnut, and is found in
the middle  and lower part of the epithelium.  The nucleus  of the  basal cell is
oval  but the  long axis is  oriented parallel  to the basal  membrane  of the epi-
thelium  on which the cell  lies. The nucleus of the Bowman gland is  found in
the  wall  of the gland  and in most  cases  has a perfectly round  shape.  Nuclei
with broad cytoplasm can  be seen  scattered at random in the  whole  section.
These are presumed to be phagocytes.
When  the  degenerating  olfactory  epithelium  is  examined  under  a  micro-
scope, a decrease  in the number of nuclei is noted (Fig. 3  b).  Several days after
nerve section,  nuclei  are  found  only  in the  upper and  the  lower part of the
olfactory  epithelium,  and  in  the  middle  part a  nucleus-free  space  becomes
manifest.  It  becomes  more  and  more striking  as  more time  elapses  (Fig.  3  c
and d). The nuclei in the upper part were identified  as those of the supporting
cells and the nuclei in the lower part as those of the basal cells, olfactory cells,
and  phagocytes.  In about  10 days  after nerve section,  the number  of the ol-
factory  cells was  found to be considerably  smaller than in  the normal epithe-
lium.
The supporting  cell  is  heptagonal  or octagonal  in  the  horizontal  section
(Allison,  1953),  and each  supporting  cell has  two apexes  in common  with  a
neighboring  supporting  cell.  Since  the  olfactory  cells  lie  sometimes  in  all
apexes of a supporting  cell, the  ratios of the number of the olfactory  cells to
that of the  supporting cells  are  5 or 6 to  1. In  many  cases,  however,  the  ol-
factory cells are not found in all but in some of the apexes  of a supporting cell
(Retzius,  1900).  Consequently,  it is expected  in these  cases that the ratios are
less than 5 or 6 to 1.
This ratio was examined  in the degenerating  olfactory epithelia.  Numbers
of the two  kinds of cells were counted  ten times  in  different parts of a section
and in different sections of the same preparations.  The ratios varied  widely in
each preparation.  But  the  maximal ratio  was  found  to decrease day  by day
after the  section of the olfactory  nerve.  In the  second group  of bullfrogs,  the
maximal ratio decreased  from  5.2 to  1.9 in  8 days, and in the third group,  it
decreased from 5.7 to  1.9 in  11  days (Table I).
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TABLE  I
RATIO  BETWEEN  THE  NUMBERS  OF  TWO  KINDS  OF  CELLS
Group  B  Group  C
Time  after  Slow  Olfactory  cell  Slow  Olfactory  cell
section  potential  Supporting  cell  potential  Supporting  cell
days
5  +  5.2-1.3  +  5.7-2.3
6  +  4.7-2.5  +  4.3-2.3
7  +  2.9-1.7  +
8  - 1.9-0.14  ::  3.8-1.5
9  - 0.7-0.2  +  2.8-1.8
10  -4-  2.4-1.6
11  - 1.9-0.75
12  - 0.8-0.3
13
14  4-  1.6-1.0
15
16
17
18  4-  1.3-0.7
Number in the left column shows the number of days  elapsed  after the nerve section.  The
ratio of the  number  of the olfactory cells to that  of the supporting  cells is  shown  in the
third and fifth columns  from the left. The amplitudes of the EOG are shown in the sec-
ond and the fourth columns. The values  shown in these columns  are the  results  of ten
countings  in different  places  on the same  section  and  in different  sections.  There  is a
wide range of values  for each  preparation. An explanation for  this is given  in  the text.
The  result in group  B bullfrogs  shown in the second  and  third columns  indicates  that
the  slow potential  disappears when the  maximal ratio goes  below  2.  The same result is
found in group C, as well.  +,  ,  and  - have the same meaning as in Fig.  1.
When these values are compared with the change in the slow potentials  in
Fig.  1 (shown in the second and fourth columns of Table  I), it is found  that the
magnitudes of the slow potential decrease in general in parallel with the histo-
logical  findings.  In  some cases,  however,  they  are not found to be  parallel.
This may be because  electrical recording  was not done at the site where the
FIGuRE 3.  Sections  of the normal  and degenerating  olfactory epithelia.  a. A section  of
normal olfactory epithelium as a control.  Slender nuclei of the supporting cells are found
in the  upper part  and  round nuclei  of the olfactory  cells are  found  below  them. Fig.
3  b-d. Sections  of degenerating  epithelia.  6  days in b, 9  days in c, and  16  days in d after
the nerve  section, respectively.  Slender  nuclei are seen in the upper part and the round
ones in the lower part. Between  them a spacial gap is noted.  It becomes  more and more
striking as days elapse. In Fig.  3 d, the number of the supporting cells  is far larger than
that of the nuclei in the lower part. The olfactory cell has degenerated  considerably and
the number is  very small in this stage.  Most of the nuclei found in the lower part and
the round nuclei in the uppermost  part are supposed to be of different origin.  Further
explanation  in the text.
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maximal  ratio was  found,  or because  artifactual  potentials were  recorded  as
was  discussed  previously.  From Table  I,  it  is  clear  that  the  electrical  re-
sponses disappear  when the value goes below 2.
DISCUSSION
1. Changes in Electrical Activity  after Nerve Section
Gesteland,  Lettvin,  Pitts, and  Rojas  (1963)  stated briefly  in their  microelec-
trode study of the degenerated frog epithelium that the EOG is reduced to ap-
proximately  half the amplitude  recorded  from the normal  epithelium.  They
considered this finding to agree with Le Gros  Clark's histological studies in the
rabbit,  where he found that  at least half of the  olfactory  receptor  cells  had
degenerated  and the thickness of the epithelium had decreased to half (1957).
We have not been able to obtain any decisive evidence in the bullfrog that
the  olfactory epithelium reduces its thickness  after the nerve section.  Besides,
it is not easy  to compare  the  magnitudes  of the EOG among different olfac-
tory epithelia, because the magnitudes differ not only in different preparations,
but also in different sites  on the same olfactory  epithelium.  From our experi-
ments, it is presumed that when Gesteland et al. recorded  the EOG which was
half the amplitude of the normal  one, the  degeneration of the olfactory  cells
had not advanced very far. However, the causes of discrepancies  between their
experiments  and  ours may  be made clear,  when the  full  details of their  ex-
periments are published.
2. Changes in Olfactory Cells after Nerve Section
Nagahara  (1940),  studying  the  change  of the  olfactory  epithelium  in  the
mouse  after section  of the olfactory nerve,  found that there are  two kinds  of
olfactory  cells,  one being "active,"  and the other "resting."  He said that the
active cell has a small round  nucleus, which is rich in chromatin and is found
near the surface of the epithelium,  while the resting cell has a relatively large
elliptical  nucleus which  is  beehive-like  and  is  found  near  the bottom  of the
epithelium.  After  the section,  most  of the active cells degenerated  and disap-
peared, but the resting cells increased in number by mitosis which caused the
olfactory  epithelium,  once  reduced  in thickness,  to completely  regenerate  in
90 days.
Le Gros Clark and his coworker  (1946,  1956,  1957) studied the same subject
in the rabbit after removing  the olfactory  bulb. He found  that the olfactory
epithelium decreased  in thickness  to half after the removal,  but that there al-
ways remained  some olfactory cells.  These findings coincide  well with Naga-
hara's. However, he denied Nagahara's idea that the remaining olfactory cells
are the resting cells and are  the bases for the regeneration  of the epithelium,
because he could not observe any sign of regeneration  in a rabbit reared for 6
months after the section.
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In the olfactory epithelium of the bullfrog which had degenerated  after the
nerve  section,  it was  found that in the  lower part there remained  some  cells
among which a few olfactory cells could be identified. Though it is not certain
whether  the  remaining cells  are  the  resting olfactory  cells which  Nagahara
found, no sign of regeneration  of the epithelium was found in the bullfrog.  In
these points,  our findings coincide  well  with that of Le  Gros  Clark,  but we
could not obtain any evidence which  suggests the decrease  in thickness  of the
epithelium such as Nagahara and Le Gros Clark found.
3. Localization of Olfactory Pigment
When the color of the olfactory  epithelium in the normal  side was compared
with that in the sectioned side, no difference was found between the two. If the
olfactory pigment should  exist  in the peripheral  part  of the olfactory  cell  as
Gerebtzoff and Shkapenko  (1951)  stated, it can be expected  that the striking
degeneration  of the olfactory  cells  might result  in some  change  or fading  in
color of the olfactory epithelium.  Since the change of color was never found in
the epithelium  after  the section,  this  finding entirely  coincides  with  the  de-
scription  of many anatomists and the recent one  by Jackson  (1960)  that the
olfactory pigment exists in the supporting cell and in Bowman's gland, but not
in the olfactory cell.
4. Origin of Electrical Responses
It has often been thought that the olfactory pigment plays an important role in
the reception of smell just as the visual pigment does in the reception of light
(Allison,  1953; Briggs and Duncan,  1961). For instance, Onagawa  (1957)  con-
cluded that rabbits with darker olfactory epithelia have keener olfactory sensi-
tivity. In general, albino animals are known to have weaker olfactory sensation
than normal ones (Althaus,  1881; Moncrieff,  1951).  Shibuya  (1960)  found in
several fishes a parallel among the darkness in color, the duration of the EOG,
and the keenness of olfaction.  On the contrary,  some workers  have denied the
correlation  between  the  olfactory  pigment  and  the  acuteness  of  olfaction
(Gruch,  1957;  Moulton,  1960,  1962;  Jackson,  1960).
If, however,  there  should be a correlation  between pigment  and olfactory
sensitivity,  it is conceivable  that the supporting  cell  which contains  the pig-
ment might show electrical activity in response to odors. This has been thought
to be probable because the supporting cell is the ependymal cell and therefore
is a kind of glial cell.  This assumption of electrical activity  of the  supporting
cell was further strengthened  when an electrical response  of reversed polarity
(electropositive)  was found in the olfactory epithelium  (Takagi et al., 1960).
Electrophysiological  and  histological  studies  in  the  present  experiment
clearly have shown that when the olfactory cells decreased  in number below a
certain limit in the process of degeneration, not only the electropositive  poten-
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tial but also  the other  two kinds of potentials disappeared altogether,  though
the supporting cells remained.  Similar findings had  already been obtained  in
the newt, since these three potentials appeared  and disappeared  altogether in
in the same stages after a newt was transferred onto land from water  (Shibuya
and Takagi,  1963).  Consequently,  the  above assumption  of electrical activity
in the supporting cell was denied and it is now concluded  that the three kinds
of slow potentials are all generated in the olfactory cells.
It remains,  however, to be clarified whether these three kinds of slow poten-
tials are generated in the same part or in different parts of the receptive mem-
brane of an olfactory cell, or whether they are generated  in different olfactory
cells.
Shibuya  (1964)  recently  found  that  the olfactory mucosal  slow potential
disappeared  when  the  mucus  on  the  olfactory  epithelium  was  removed,
whereas  the  afferent olfactory nerve discharges which originate there did not
change  much.  He  found  this  independently  in  Dr.  Beidler's  laboratory  in
Florida.  This  finding  seems  very  interesting  and  important.  In the  present
stage  of our experiment,  however,  we  have  no definite  evidence  which can
explain this discrepancy between his findings and ours.
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